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Leptoquarks have been proposed as a possible explanation of anomalies in B¯ 7→ D∗τ ν¯ decays, the
apparent anomalies in (g−2)µ experiments and a violation of lepton universality. Motivated by this,
we examine other motivations of leptoquarks: radiatively induced neutrino masses in the presence
of a discrete symmetry that prevents a tree level see-saw mechanism, gauge coupling unification,
and vacuum stability at least up to the unification scale. We present a new model for radiatively
generating a neutrino mass which can significantly improve gauge coupling unification at one loop.
We discuss this, and other models in the light of recent work on flavour anomalies.
I. INTRODUCTION
Recently there has been a lot of interest in leptoquarks
as a possible explanation for some striking deviations
from the standard model [1–12] including anomalous B
decays observed in BaBar [13, 14], Belle [15] and LHCb
[16–18], a violation in lepton universality [19] and a de-
viation from the standard model prediction of (g − 2)µ
[20]. A particularly interesting claim was that all three
anomalies could be explained via the addition of a sin-
gle leptoquark [4]. Specifically they chose a single ∼ TeV
scale leptoquark, φ, that is a colour triplet and an SU(2)L
singlet with hyper charge −1/3. The correction to the
standard model Lagrangian due to the existence of this
leptoquark is Lagrangian
L 3 (Dµφ)†Dµφ−M2φφ2 − ghφ|Φ|2|φ|2
+ Q¯cλLiτ2Lφ
? + u¯cRλReRφ
? + h. c. (1)
where Φ is the standard model Higgs doublet. We will
denote such a leptoquark by its gauge quantum numbers
(3, 1,−1/3). The attempt to explain lepton universal-
ity with such a leptoquark was brought into significant
doubt recently [21] (who explain the anomaly with a lep-
toquark with quantum numbers (3, 2, 1/6)). However it
has been recently demonstrated that the (3, 1,−1/3) lep-
toquark indeed can explain all three anomalies [22].
Leptoquarks are also of theoretical interest as the tend to
appear in various grand unified theories (GUTs). Indeed
the particular choice of leptoquark used in ref. [4] ap-
pears in E6 GUTs [23, 24] and the (3, 2, 1/6) leptoquark
arises for example in an SU(5) GUT. Leptoquarks have
also been proposed as a non-supersymmetric catalyst of
gauge coupling unification [25–28] and a cause of neu-
trino masses via radiative corrections [27, 29–39]. These
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explanations of the neutrino mass are phenomenologi-
cally attractive as unlike the see saw mechanism, these
models have predictions at much lower energies.
It is of interest to us whether using these leptoquarks to
explain these flavour anomalies is compatible with some
of these theoretical motivations and if not what is the
minimal extension needed for such compatibility. Specif-
ically we look at radiatively induced neutrino masses,
gauge coupling unification, and vacuum stability. We
will consider both the (3, 1,−1/3) and (3, 2, 1/6) repre-
sentations and propose a model for each that radiatively
induces Weinberg dim-5 operator (LLHH/Λ) to produce
Majorana neutrino mass at one and two loops respec-
tively. This requires the introduction of new particles for
both cases. For the 1-loop case the addition of heavy
d-type quarks is needed, 1 per family. We show a sample
parameter space that avoids experimental bounds and
gives neutrino masses of the correct order. As for 2 loop
scenario with (3, 1,−1/3) leptoquark we include heavy
scalar diquarks with different isospin structure for the
loop completion. Proton decay is also of interest when
one considers unification. However, the (3, 2, 1/6) easily
avoids constraints on proton decay and the (3, 1,−1/3)
Leptoquarks are similarly safe in the presence of a dis-
crete symmetry where SM leptons and the leptoquark
have opposite parity.
For gauge coupling unification we find two paths - first
through the (3, 2, 1/6) case without the extra particles
required to radiatively induce a neutrino mass - and sec-
ond through the introduction of both the (3, 1,−1/3)
leptoquark and new particles required to generate the
neutrino mass at one loop. A third more difficult path
also becomes manifest in the case of a (3, 1,−1/3) lep-
toquark through large leptoquark couplings. However,
this puts constraints on the leptoquark couplings which
partly conflict with the constraints on leptoquark cou-
pling given in [4] as they had λRx << λ
L
x which is generi-
cally the opposite condition to what gauge coupling uni-
fication requires. One in principle has enough freedom
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2left to achieve gauge coupling unification although this
requires some couplings to be brought close to the per-
turbativity bound. This makes the calculation suscepti-
ble to high theoretical error. Most of this tension is due
to one of the anomalies - the observed violation of lepton
universality. This is precisely the anomaly that is diffi-
cult to explain via the (3, 1,−1/3) leptoquark [21]. By
contrast, vacuum stability is substantially boosted due
to the improved running of the Higgs quartic coupling
when the portal coupling is non-negligible. This is true
for both leptoquark representations. Furthermore the ex-
tra fermions used to generate a neutrino mass at 1 loop
will only contribute to the running of the Higgs quartic
at two loop. For the case where gauge coupling unifica-
tion is achieved through large leptqoaruk couplings one
requires a larger Higgs portal coupling to maintain sta-
bility.
The structure of this paper is as follows. We discuss min-
imal modifications to achieve neutrino masses aside from
the tree level term in section II. In sections III and IV
we discuss the modification to the running of the gauge
coupling constants and the Higgs quartic coupling respec-
tively, thereby discussing the viability of gauge coupling
unification and vacuum stability in this model. We then
discuss how compatible these constraints are with col-
lider constraints and the need to simultaneously explain
violations of lepton universality, anomalies in B decays
and the measurement of (g − 2)µ experiments in section
V. We conclude in section VI
II. POSSIBLE EXTENSIONS OF THE
LEPTOQUARK MODEL FOR THE NEUTRINO
MASS GENERATION
To generate Neutrino mass using the leptoquark model
discussed above, we need to go beyond this model and
include more particles/fields. Depending on the content
added, a neutrino mass can be generated at 1 or 2 loop
level. There are several examples in the literature that
generate neutrino mass through the use of multiple lep-
toquarks fields [27, 29–39]. If Dirac Neutrino Mass is
generated then potentially additional symmetries, global
or gauged, are needed to forbid tree level Neutrino mass
generation. Here we briefly discuss 2 extensions of the
leptoquark model to generate the effective Majorana neu-
trino mass at the 1 and 2 loop order through an effective
d-5 Weinebrg operator[56] LLHH/Λ with only one lep-
toquark field in the model.
A. 2 loop Majorana Neutrino Mass
Generating a Majorana neutrino mass at 2 loop order
from the leptoquark model mentioned in the present work
requires the addition of extra colored charged scalar mul-
tiplets. Figure 1 shows 2 different variants of Majorana
neutrino mass with an effective Weinberg operator. In
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FIG. 1: 2 loop Majorana Neutrino Mass through
effective d-5 Weinberg operator.
the first diagram, external Higgs fields are coupled sym-
metrically at the center vertex to the charged scalar line,
and another one having one of Higgs field coupled to the
leptoquarks at the top vertex and the second Higgs field
coupled at the center. Both diagrams require the LQφ
coupling, fields added to complete the loops do not couple
to the Leptons and Quarks simultaneously and so do not
effect the results of the anomaly calculations done in [4]
at the leading order calculations. The first diagram re-
quires the minimal addition of 2 diquarks, which have the
following representations (6,1, -2/3), (6,3,-1/3) which are
all color sextets. The charged scalar field coupled to the
leptoquarks must be an iso-singlet where as the charged
scalar field coupled to SM quark doublets is a triplet un-
der SU(2)L. Lepton number is broken at the soft dim-3
φφχ∗ term by 2 units. The second diagram of Fig.1 is
similar to the first diagram but now χ ∼(6,2,1/6) is a
doublet under SU(2)L and ρ ∼(6,3,2/3) is an-iso triplet
as in the first diagram. The Lepton number is broken at
the only dim-3 soft term by 2 units.
If the φ ∼(3,2,1/6) leptoquark representation is used
instead of (3,1,-1/3), then we get d¯RLφ operator instead
of LQφ. Then the required fields for the first 2-loop com-
pletion are χ ∼(6,3,1/3) and ρ ∼(6,1,2/3). For the sec-
ond 2-loop diagram the required scalar diquark fields are
χ ∼(6,2,7/6) and ρ ∼(6,1,2/3).
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FIG. 2: 1 loop Neutrino Mass Diagram through d quark
mixing with effective d-5 Weinberg operator.
Particle SU(3)c SU(2)L U(1)Y Flavour
Q 3 2 1/6 3
dcR 3
∗ 1 +1/3 3
ucR 3
∗ 1 -2/3 3
L 1 2 -1/2 3
ecR 1 1 +1 3
AR,L 3 2 -5/6 3
H 1 2 1/2 1
φ 3 1 -1/3 1
TABLE I: Particle content of the model generating
Neutrino mass at 1 loop order.
B. 1 loop Majorana Neutrino Mass through
Lepotoquark and dR mixing
Here we briefly discuss another extension of the lep-
toquark model mentioned above to generate Majorana
Neutrino Mass at 1 loop level shown in Fig. 2. Table I
shows the field contents of the model. Besides the SM
and a leptoquark field, we add 3 generations of heavy
vectorlike quark doublets with a hypercharge -5/6 to to
complete the loop. The new Lagrangian terms are shown
below. To break the Lepton number softly we need the
right-handed heavy quark fields to carry 2 units of L num-
ber and the Left-handed heavy quark fields to carry no
L number.
LYnew,4D ⊂ y1QcLLφ∗ + y2 ucReRφ∗
+ y3ARLφ+ ydRALH + h.c. (2)
L3D ⊂ MAAA (3)
V (H,φ) = −m21 |H|2 +
λ1
4
|H|4 +m22 |φ|2
+
λ2
4
|φ|4 + ghφ
(
H†H
) |φ|2 (4)
The y Yukawa term is the mixing of SM d type quarks
and heavy quarks and required to be small. The effective
mass matrix for the d type quark mixing is shown below,
where the top left entry is the usual Higgs mass of the
SM and the bottom right entry is the invariant mass of
the heavy quarks, where as the off-diagonal term is the
source of mixing of SM quarks and the heavy quarks.
Leff mix =
(
dL a
−1/3
L
)
Mda
(
dR
a
−1/3
R
)
+ h.c. (5)
Mda =
(
ydν 0
yν MA
)
(6)
Diagonalizing this mass matrix, we obtain the follow-
ing mass eigenstates
mD1 = cLcRydν/
√
2 + sLcRyν/
√
2 + sLsRMA, (7)
mD2 = cLcRMA + sLsRydν/
√
2− cLsRyν/
√
2, (8)
where the c/s stand for Cos/Sin and L/R subscripts
stand for Left/Right mixing angles of the Left/Right chi-
ral components of the fermion fields. The mixing is given
by following relations
(
D1L
D2L
)
= UL ×
(
dL
a
−1/3
L
)
(9)(
D1R
D2R
)
= UR ×
(
dR
a
−1/3
R
)
(10)
tan(2θL) =
2γ2ydy
γ2 (y2d − y2 )− 1
(11)
tan(2θR) =
2γy
γ2 (y2d + y
2
 )− 1
(12)
with γ =
ν√
2MA
. (13)
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FIG. 3: Deviation of 2 mass eigenvalues from their
unmixed values for MA=1TeV and MA=10TeV with
Yukawa’s set to 1 and mφ=1TeV.
Fig. 3 shows the deviations of mass eigenstates, light d
quark and heavy a−1/3 state, from their unmixed values
for different values of y and MA for Yakawa’s set to 1
and mφ=1TeV.
1 loop radiative neutrino mass given in Fig. 2 can be
evaluated to
4mν =
y1y3mφsRcL
16pi2
x1
[
2log
(
x2
x1
)
+ f(x2)− f(x1)
]
(14)
where xi = mDi/mφ and f(x) =
log(x)
x2 − 1 (15)
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FIG. 4: Neutrino mass spectrum for different values of
y and MA with Yukawa’s set to 1 and mφ=1TeV.
Fig. 4 shows a sample parameter space that gives the
correct neutrino mass order for different values of y and
MA, Yukawa’s are set to 1, mφ=1TeV.
The heavy quark searches set limits on the mixing of
d-type quarks and the masses of the heavy quarks. Lep-
toquark searches set limits on the leptoquark couplings
to LQ and Leptoquark masses. Possible CP violating
phases might occur in the 6×6 d-type mass matrix.
III. GAUGE COUPLING UNIFICATION
When one examines how the three gauge coupling con-
stants of the standard model run, they come close to in-
tersecting at a high energy scale. It is of course now
known that they do not unify without some new physics
entering in at a lower scale, often at a testable scale just
above the weak scale. The Leptoquarks change the run-
ning of gauge coupling constants and it was first sug-
gested that a weak scale Leptoquark could cause gauge
coupling unification to manifest in ref. [25] and as men-
tioned in the introduction this has become a major mo-
tivation and attraction for considering low scale lepto-
quarks. It is therefore of interest whether this is feasible
in a model where a leptoquark is used to simultaneously
explain flavour anomalies and neutrino masses.
We will find that by itself the (3, 1,−1/3) representa-
tion makes gauge coupling unification worse unless the
leptoquark couplings are large enough to make a differ-
ence at two loops. This however puts criteria on the lep-
toquark couplings that are in tension with both perturba-
tivity and constraints needed to explain flavour anoma-
lies. This is also in contrast with the (3, 2, 1/6) lepto-
quark. It was recently shown that lepton flavour univer-
sality and gauge coupling unification are compatible via
the (3, 2, 16) leptoquark [40]. However, when one adds
the particles required to radiatively generate a neutrino
mass, we find that such particles tend to make unifica-
tion worse for the (3, 2, 1/6) leptoquark. In contrast the
additional fermions required to generate a neutrino mass
at one loop, AL,R, can easily improve gauge coupling uni-
fication for the (3, 1,−1/3) representation.
The one loop beta functions changes when one extends
the standard model by a leptoquark. Defining the param-
eter bi as
∂gi
∂µ
= − bi
16pi2
g3i (16)
it is straightforward to derive a measure of unification
[58]
δU =
α−13 (µ)− α−12 (µ)
α−12 (µ)− α−11 (µ)
− b2 − b3
b1 − b2 (17)
where a low value of |δU | indicates one is close to unifica-
tion. Choosing µ = 1 TeV one has for the standard model
δU = 0.19. It is of course well known that the (3, 2, 1/6)
leptoquark improves unification. Introducing such lepto-
quarks at 1 TeV and running the standard model cou-
plings up to the TeV scale using the numerical package
SARAH [41] gives a value of δU = (0.13, 0.06,−0.02)
for (1, 2, 3) generations respectively. On the other hand,
adding the leptoquark defined in equation 1 modifies
these values of bi such that b1 = −25/6 b3 = 41/6 and b2
remains unchanged. Again running the standard model
couplings up to the TeV scale one finds that for the lep-
toquark extension one has δU = 0.21, worse than the
standard model. The reason for this is that one needs
to change b2 faster than one changes
1
2 (b1 + b3) in order
to achieve unification but the leptoquark is an isospin
singlet.
In principle the 2-loop corrections to the beta functions
can drive gauge coupling unification. The leptoquark
couplings λL and λR affect the two loop beta functions
for gauge coupling constants at two loop level as follows
5βg1 3
1
(4pi)2
25g31
6
− 1
(4pi)4
(30Tr[λLλ
†
L]− 78Tr[λRλ†R])
30
g31
βg2 3 −
1
(4pi)2
19g32
6
− 1
(4pi)4
(3Tr[λLλ
†
L])g
3
2
βg3 3 −
1
(4pi)2
41g33
6
− 1
(4pi)4
(30Tr[λLλ
†
L] + 15Tr[λRλ
†
R])
30
g33 .
(18)
Note that the Higgs portal coupling does not effect the
running. The Higgs portal coupling is the major player
in achieving a boost to the stability of the vacuum so two
constraints - vacuum stability and gauge coupling unifi-
cation - are only moderately correlated. Typically rais-
ing the left handed coupling constants takes one further
away from coupling unification whereas raising the right
handed coupling gets one closer. If all left handed cou-
plings are null then gauge coupling unification is achieved
when
Tr
[
λRλ
†
R
]
∼ 4. (19)
This number rises if the left handed leptoquark couplings
rises.
If the leptoquark is used to explain the apparent vio-
lation of lepton universality, it turns out to be difficult
to avoid at least one leptoquark coupling being large,
namely the λLcµ coupling. This raises the required value
of the right handed leptoquark coupings. Fig. 5 shows
the running of the gauge couplings for leptoquark cou-
plings chosen to satisfy all phenomenology constraints as
well as explaining all three flavour anomalies. As be-
fore, we take all standard model couplings at weak scale
and use the standard model RGEs defined to two loop
to run all parameters from the weak scale to the mass of
the leptoquark (which we set to be 1 TeV). In principle,
there is enough freedom left over from these constraints
to achieve gauge coupling unification if some couplings
are made sufficiently large. The results however should
be taken with a heavy grain of salt because the running
of the leptoquark couplings are such that they increase
and approach the perturbativity bound. Therefore the
calculation is expected to have a high amount of uncer-
tainty.
Next let us turn to the extra particle content required
to produce a neutrino mass at one and two loop respec-
tively. For the two loop case we need two additional par-
ticles including an isospin triplet. This is true for both
representations of leptoquark that we consider. This par-
ticle makes too dramatic a change to b2 to assist unifi-
cation unless its mass is quite high ≈ O(1013) GeV. For
the case where one induces a neutrino mass at one loop,
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FIG. 5: Gauge coupling unification(α−1) achieved via
strong right handed leptoquark couplings. With a single
generation the couplings get precariously close to the
perturbativity bound, a problem accentuated if one
wishes to explain a violation in lepton univerality,
adding in a great deal of theoretical uncertainty which
can be alleviated with extra generations of leptoquarks.
the new particles change the values of bi as follows
δb1 =
(
−5
6
)
Ng (20)
δb2 = (−2)Ng (21)
δb3 =
(
−4
3
)
Ng (22)
where Ng is the number of generations active at that
mass scale. For a single generation active from 1 TeV
up to around the GUT scale one essentially has unifi-
cation δU = 0.015. Similarly one achieves unification if
two generations of AL,R with masses around 10 − 1000
TeV and the third generation near the GUT scale. The
masses of the lightest two generations can be within a
wide range of values however. Varying their masses be-
tween 10 and 1000 TeV one finds that |δU | ranges be-
tween 0.05 . |δU | . 0.08. If one has three generations of
these fermions it is unavoidable that at least one gener-
ation is very heavy. By contrast, the analogous fermions
used to generate a neutrino mass at one loop for the
(3, 2, 1/6) leptoquark makes gauge coupling unification
worse because they are isospin singlets.
Let us conclude this section with a summary of this
section. The extra A particles make unification at 1 loop
fairly straightforward for the (3,1,1/6) model. Without
such particles one can in principle achieve unification at
2 loops with very large couplings, a result that is in some
tension with flavour anomalies but not stability. By con-
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FIG. 6: Vacuum stability achieved through improved
running of the Higgs quartic coupling due to
moderately large portal couplings (ghφ = 0.5). This is
compatible with low energy phenomology as well as
explaining anomalies in the value of (g − 2)µ, B decays
and violation of lepton universality.
trast, while the (3,2,1/6) model achieves unification with-
out a radiatively induced neutrino mass, introducing such
extra particles is in tension with unification.
IV. VACUUM STABILITY
The recent discovery of a Higgs like Boson at 125 GeV
[42, 43] has led to the realization that the standard model
vacuum is likely metastable [44–47]. This is because the
Higgs quartic coupling becomes negative at large energy
scales. This has motivated research on how to improve
the stability of the electroweak vacuum through addition
to the standard model. There are two ways of getting a
boost improve the stability of the vacuum
• improved running through corrections to the stan-
dard model RGEs. This has been done numerously
in singlet extensions to the standard model [48–52]
• extended scalar sector, for adding a real singlet that
acquires a vacuum expectation value. The result
can be that the Higgs quartic coupling can be larger
than its standard model value [53].
The leptoquark cannot have a vacuum expectation value
at zero temperature so the only option is through im-
proved running [54]. The beta functions for the Higgs
quartic coupling will get a correction compared to the
standard model which we denote δλ1 and δλ2 for one and
two loop contributions respectively. The one loop cor-
rection to the standard model RGE for the higgs quartic
coupling receives contributions from the portal coupling
only
βλ
(4pi)2
3 6
16pi2
g2Hφ . (23)
Note that the one loop correction is positive which makes
a boost to stability possible in the first place. So if the
portal coupling is large then the leptoquark contributes
to improving the stability of the vacuum. This is true of
both leptoquark representations that we consider. The
two loop correction can be significant enough to justify a
careful analysis. For the sake of simplicity the leptoquark
coupling to one generation dominates. This is simply to
show the structure of the two loop beta functions more
clearly - our numerical calculations consider all genera-
tions. We can then write the dominant contribution as
βλ
(4pi)4
3 1
256pi4
×
{
6
5
gHφg
4
1 − 30λg2Hφ +
16
5
g21g
2
Hφ + 64g
2
3g
2
hφ − 24g3Hφ
+ g2Hφλ
2
L,3
(
24 + 9λy2b − 12y4b − 12y4τ
+9λy2t − 24y2τy2t − 12y4t
)
+g2HφλR,3
(
12− y4τ + 9λy2t − 24y2t y2τ − 12y4t
)}
(24)
Typically this is strongly negative if the leptoquark cou-
plings are large which drives up the value of ghφ needed
to make the higgs quartic coupling remain non-negative
up to the unification scale. To achieve gauge coupling
unification with all left handed leptoquark couplings set
to zero, right handed leptoquark couplings need to be
large. Also, one of the left handed leptoquark coupling
constants has to be quite large to explain the violation
of lepton universality. This means that several right
handed leptoquark couplings have to be quite large to
make gauge coupling unification manifest which pushes
up the required value of ghφ to a moderate value. In Fig.
6 we again the numerical package SARAH [41] to run
standard model parameters up to the scale of the lep-
toquark mass (which we choose to be 1 TeV) and then
run all parameters including the leptoquark parameters
up to the a high scale. For a value of gφ ∼ 0.5 the Higgs
quartic coupling never goes negative. Finally we note
that the extra fermions introduced to radiatively induce
a neutrino mass at one loop only affect the running of
the Higgs quartic at 2 loops.
V. LEPTOQUARKS AND FLAVOUR
ANOMALIES
In this section we consider the constraints on the pa-
rameter space due to both collider constraints and the
proposal to have such a leptoquark explaining the afore
mentioned anomalies. We should note that some doubt
has been raised on whether this leptoquark representa-
tion can provide an explanation for the RK anomaly [21].
7However, further inspection does indeed seem to confirm
the original claim that this leptoquark can explain the
apparent violation of lepton flavour universality [22] and
recent work has indeed argued that it can indeed provide
an explanation for the RD∗ anomaly and the (g − 2)µ
anomaly [57]. We will focus on briefly reviewing the
parameter space proposed in [4] and find that there is
tension between the parameter space they propose and
unification. The parameter space discussed in [22] will
has similar features to the parameter space in [4].
Let us begin by cataloguing the constraints from the
anomalies. The constraints are written in terms of the
leptoquark couplings written in the mass basis. To con-
vert from the mass basis to the weak basis we make use
of both the CKM matrix and the PMNS matrix as well
as the relations
λLue = U
T
u λLUe, λ
L
dν = U
T
d λL, λ
R
ue = V
T
u λRVe (25)
We will begin with the requirement that the leptoquark
provide an explanation for anomalous B decays which
gives the following condition on the leptoquark couplings
λL∗cτ λ
L
bντ = 3.5× 10−7M2φ (26)
λR∗cτ λ
L
bντ = −3× 10−8M2φ (27)
These constraints cause two left handed couplings to be
around 0.6 and the right handed coupling λRcτ about 0.05.
Since we require the trace of the right handed leptoquark
coupling matrix to be significantly larger than the trace
of the left handed leptoquark matrix this already con-
strains the parameter space somewhat. Next we turn to
the anomalous measurement of (g − 2)µ. This leads to
the condition
(1 + 0.17 ln 10−3Mφ)Re(λRcµλ
L∗
cµ )
+ 20.7(1 + 1.06 ln 10−3Mφ)Re(λRtµλ
L∗
tµ ) ≈ 8× 10−8M2φ
(28)
This does not put much constraint on the right handed
couplings as we can just tune the left handed couplings
down. The apparent violation of lepton universality, by
contrast, puts the most severe constraint on the param-
eters as it inevitably leads to some coupling constants
being large. Specifically the constraints are
∑
i
|λLuiµ|2Re
∑
j λ
L
bνj
λL∗sνj
VtbV ∗ts
− 1.74|λLtµ|2 ≈ 1.25× 10−5M2φ
(29)∑
j λ
L
bνj
λL∗sνj
VtbV ∗ts
≈ (1.87 + 0.45i)× 10−3Mφ (30)
The second constraint is straightforward to satisfy be-
cause it requires that the sum of a set of left handed
couplings must come to the small value of 0.076 which
is consistent with gauge coupling unification. Combining
this with the first constraint though says that the square
of two couplings, |λuµ|2 + |λcµ|2 must add to about 6.7.
This is obviously impossible to satisfy without making at
least one of these couplings very large. It can be more
dangerous phenomenologically to have large leptoquark
couplings to first generation quarks or leptons, so in re-
ality this will lead to the coupling |λcµ| ≈ 2.4 for a lep-
toquark mass of around a TeV. This puts a very sharp
constraint on the ability of this leptoquark to simultane-
ously give rise to gauge coupling unification and explain
the apparent violation of lepton universality. Note that
only the violation of lepton univerality requires a condi-
tion that conflicts with gauge coupling unification.
Let us next turn our attention to the phenomological
constraints. We can get constraints on the leptoquark
mass from reference [55]. The lower bound for lepto-
quarks that decay into bottom quarks is 625 GeV and the
lower bound for leptoquarks decaying into muons with a
significant branching ratio is 850 GeV. The latter bound
is more relevant if one is indeed desiring to explain an ob-
served violation of lepton universality. For convenience
we will catalogue all other relevant collider constraints in
a single list
− 1.2× 10−6M2φ < Re
∑
j λ
L
bνj
λL∗sνj
VtbV ∗ts
< 2.25× 10−6M2φ√
|λLcµ|2|λRuµ|2 + |λLuµ|2|λRcµ|2 < 1.2× 10−9M2φ
|λLcµλLuµ
∗
+ λRcµλ
R
uµ
∗| < 5.1× 10−8√
|λLcµ|2 + |λLuµ|2 <
3.24× 10−3Mφ√
1 + 0.39 ln 10−3Mφ
|λLtµ| <
1.22× 10−3Mφ√
1 + 0.76 ln 10−3Mφ[∣∣∣∣(1 + 0.17 ln 10−3Mφ)(λRcµλL∗cµ )
+ 20.7(1 + 1.06 ln 10−3Mφ)(λRtµλ
L∗
tµ )− 0.015
∑
i
λL∗uiµλ
L
uiτ
∣∣∣∣2
+ (L↔ R)
]1/2
< 1.7× 10−8M2φ (31)
The constraints in the above list are, in order of their
appearance
• B− → K−νν¯ and B− → K−∗νν¯ decays.
• Next two are from the bound on branching ratio of
D0 → µ+µ−.
• Next two are from constraints on the partial width
of Z → µ+µ−.
• Last is a bound on the branching ratio of τ → µγ
The constraint from the B− → K−νν¯ and B− →
K−∗νν¯ decays put no constraints on right handed cou-
plings but can be satisfied with arbitrarily small left
handed couplings. The constraint from the branching
8ratio of D0 → µ+µ− forces one ΛR to be small. It is
satisfied if the left handed couplings are very small, the
right handed couplings if they are equal can be ∼ 0.23.
Note that lepton universality means that the λLcµ cou-
pling has to be ≈ 2.5 which is fine if λLuµ is small. The
constraints due to the partial width of Z → µ+µ− leads
to no constraint on the right handed couplings but is sat-
isfied for arbitrarily small left handed couplings. Lepton
universality requires that λLcµ left handed coupling to be
large, ∼ 2.5, but this is compatible with the constraint
so long as other left handed couplings appearing in the
constraint are suppressed which we desire anyway.
The last constraint due to the branching ratio of τ →
µγ is the most dangerous if one desires the addition of a
TeV scale leptoquark to lead to gauge coupling unifica-
tion at two loops. There is a relative sign in the equation
which means in principle that one can find a fine tuned
region to the parameter space where a fortuitous can-
cellation occurs. But let us concentrate on the non-fine
tuned region of parameter space. Recalling that the ap-
parent violation of lepton universality leads to λLcµ ∼ 2.4,
this leads to λRµνi and λ
R
τνi needing to be have a value of
approximately ∼ 0.08. So we have 7 right handed cou-
plings set to be small in principle. However, a loophole is
just to set 3 of them to be very small. To give maximum
freedom set right handed λRcτ , λ
R
cµ, λ
R
uµ to be small as well
as λRtµ. This will satisfy all of the above constraints with-
out significant fine tuning. Finally let us conclude this
section by summarizing one of the recent works which
called into question whether this leptoquark can explain
the observed violation of lepton universality. Ref. [57]
found that using this type of leptoquark to explain the
RD(?) anomaly requires λ
2j
L
λ3iL λ
23
R
?
2MLQ/GeV
= −0.26× 23/2GFVcb (32)
λ33L λ
23
R
?
2M2LQ/GeV
2
= ±0.64× 23/2GFVcb (33)
which is in serious tension with the requirement that λLcµ
is large.
VI. DISCUSSION AND CONCLUSION
In this work we have considered some of the most in-
triguing experimental signatures that suggest a departure
from standard model physics and attempted to see how
a minimal explanation for them fits into the bigger pic-
ture of Unification. Improvement in vacuum stability via
improved running is straightforward to realize. However,
the attempt to explain a violation of lepton universality
has some tension with using this leptoquark to achieve
gauge coupling unification.
One way or another, we find that new physics is prob-
ably needed before the GUT scale. Achieving gauge cou-
pling unification requires pushing leptoquark couplings
up such that they are near the perturbativity bound
at a high scale and neutrino masses cannot be achieved
through this leptoquark alone. Both require additional
paricle content (although if a tree level right handed neu-
trino mass is not forbidden by a discrete symmetry, the
usual see-saw mechanism is of course sufficient). The sin-
gle leptoquark model is insufficient to neutrino masses at
any loop level. We proposed some minimal extensions by
either introducing some gauge multiplets to generate a
Majorana mass at two loops or including a heavy quark
doublet with a hyper charge of −5/6 to generate such a
mass at one loop. The latter is through d type mixing.
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